The Bi-Cu-Ni ternary system belongs to the group of potential Cu-Ni-based advanced lead-free solder materials for high temperature application. The paper shows results of the thermodynamic calculations using general solution model along the line with the molar ratio of Cu: Ni = 1:1. The experimental part shows thermal, structural, electrical and mechanical properties based on differential scanning calorimetry (DSC), scanning electron microscopy with energy dispersive spectrometry (SEM-EDS), electroconductivity and hardness measurements of the alloys selected in the section from bismuth corner with molar ratio Cu: Ni = 1:1, Cu: Ni = 3:1, and Cu: Ni = 1:3.
Introduction
The high toxicity of lead and damaging effects on the environment result in the prohibited use of the electronic materials (RoHS Directive from 1 July 2006 in the EU). Therefore, great effort has been made to the development of new Pb-free soldering and brazing materials. [1] [2] [3] [4] [5] [6] [7] . The Bi-Cu-Ni ternary system is a very significant because its alloys belong to the group of potential Cu-Ni-based advanced lead-free solder materials for high temperature application. This system represents environmental friendly alternatives to Sn-based solders which has been examined recently in the frame of COST MP0602 "HISOLD" project [8] and has been described in the literature [9, 10] . Gao et al. [9] investigated phase equilibria of the Bi-Cu-Ni system at 300, 400, and 500 °C using metallography and electron probe microanalysis on equilibrated alloys and diffusion couples, while Marković et al. [10] performed thermodynamic modeling of the Bi-Cu-Ni system using CALPHAD technique. The liquidus projection of investigated Bi-Cu-Ni system is given in Fig.1 , according to the literature [10] . [10] .
Fig.1. Liquidus projection of investigated Bi-Cu-Ni system
Having in mind the importance the Bi-Cu-Ni alloys data for understanding the processes occurring during soldering and operations with the soldered devices, results of the thermodynamic analysis and characterization of mentioned ternary alloys are presented in this paper. Also, the mechanical and electrical properties in the given system are measured and discussed.
Experimental
The composition of selected Bi-Cu-Ni alloys, from the bismuth corner section, with molar ratio Cu:Ni=1:1, are given in Table 1 . These samples were experimentally investigated using differential scanning calorimetry (DSC) and scanning electron microscopy with energy dispersive spectrometry (SEM-EDX), while mechanical and electrical investigations were performed along all three sections from the bismuth corner, with molar ratio Cu:Ni = 1:1, Cu:Ni = 3:1 and Cu:Ni = 1:3. The samples were prepared by induction melting under argon atmosphere, with purity of metal components higher than 99.99%. The alloy samples were homogenized at 800 °C for several hours under an argon atmosphere and then slowly cooled to the room temperature. The total mass losses of the prepared ingots were less than 1 mass%.
The DSC measurements were performed on an SDT Q600 (TA instruments) device. Alumina crucibles were used and measurements were performed under flowing argon atmosphere and a heating rate of 5 °C /min. SEM analysis was done using JEOL JSM 6460 apparatus with energy dispersive spectrometry, EDS (Oxford Instruments).
The electrical conductivity of investigated samples was measured using the standard apparatus SIGMATEST 2.069 (Foerster) eddy current instrument for measurements of electrical conductivity of non-ferromagnetic metals, based on the complex impedance of the measuring probe with a diameter of 8 mm. The hardness measurements were done using standard procedure according to Vickers.
The samples were prepared without etching agent application for structure development.
Theoretical Fundamentals
The basic equations of general solution model [11, 12] 
where X i and X j indicate the mole fraction of component "i" and "j" in "ij" binary system. The function f is the ternary interaction coefficient expressed by [11, 12] where  ij are the similarity coefficients defined by  i called the deviation sum of squares: 
In all given equations, G E and G E ij correspond to the integral molar excess Gibbs energies for ternary and binary systems, respectively, while x 1 , x 2 , x 3 correspond to the mole fraction of components in the investigated ternary system [11, 12] .
Results and Discussion
The thermodynamic calculation in the ternary Bi-Cu-Ni system was performed along the line of a constant Cu:Ni molar ratio of 1:1 at a temperature of 1273 K. Starting data for the calculation according to general solution model [11, 12] were taken from COST 531 Thermodynamic Database [13], including thermodynamic data for the binary systems Bi-Cu, Cu-Ni, and Bi-Ni. The Redlich-Kister parameters (in J/mol) for the liquid phase of the constitutional binaries in the investigated Bi-Cu-Ni system are presented in Table 2 . Based on the given starting data, similarity coefficients were determined according to the procedure of general solution model [11, 12] and their values are as follows:  Bi-Cu = 0.854,  Cu-Ni = 0.144 and  Ni-Bi = 0.505. The further calculation was carried out for the alloys in a selected section of Bi-Cu-Ni ternary system at an investigated temperature of 1273 K, according to the fundamentals of general solution model [11, 12] , given by Eqs. (1-6) . The results of thermodynamic predicting, including integral molar Gibbs excess energy and calculated bismuth activities at the temperature of 1273 K, are given in Table 3 and Fig. 2 , respectively. The values of integral molar Gibbs excess energies are varying in the interval from +4 kJ/mol to +0.4 kJ/mol, where positive values are typical for the section with Cu:Ni = 1:1 in the whole concentration range (Table 3) . Also, it may be noticed that a deviation from Raoult law is presented in the investigated section, showing a change from strongly positive to slightly positive behavior at bismuth content near to the equiatomic composition.
The results of the thermal analysis, performed using DSC and measured during the heating stage, are presented in Table 4 and Fig.3 for the sample J1. Obtained endothermic peaks for investigated samples in Bi-Cu-Ni system indicate the characteristic transition and liquidus temperatures.
The results of SEM-EDS are presented in Fig.4 and Table 5 . [14] . According to its crystallographic data, given in the literature [15] , the Bi-Cu-Ni system consists of five phases: liquid, RHOMBO_A7 (Bi), FCC_A1 (Cu, Ni), BiNi and Bi 3 Ni. Structural analysis done using SEM-EDS method confirmed the existence of all given phases in this ternary system. So, dark phase in all investigated samples is related to Cu-Ni-based FCC_A1 phase, while the light phase is related to Bi-Ni-based phases BINI, BI3NI and Bi-based RHOMBO_A7 phase.
Fig.4. Characteristics SEM microphotographs of investigated samples
The hardness measurements in the Bi-Cu-Ni system are done on the samples from the three selected sections from the bismuth corner, with Cu:Ni molar ratio of 1:1, 3:1 and 1:3. The results of the hardness measurements, according to Vickers are given in Table 6 . The change of hardness depending on the bismuth composition is shown in Fig.5 . With the increasing content of Bi the value of hardness decreases. Based on these results, iso-lines of hardness in the ternary Bi-Cu-Ni system was constructed and shown in Fig.6 .
Fig. 6. The hardness iso-lines of the ternary Bi-Cu-Ni system (HV5).
When bismuth concentration increases, the hardness decreases rapidly for all samples in three investigated sections. Bismuth has the lowest hardness value compared to others in the Bi-Cu-Ni system, so the presence of Bi-based phases (BiNi, Bi3Ni and RHOMBO_A7) in the alloy structure will decrease the alloy hardness.
To complete the characterization of alloys in the ternary Bi-Cu-Ni system, the electrical conductivity measurements were done among three selected sections from the Bi corner, with Cu:Ni molar ratio of 1:1, 3:1, and 1:3. The results are presented in Table  7 , while the changes of electrical conductivities with the Bi composition are shown in Fig. 7 . The electrical conductivity decreases when bismuth amount increases. Based on these results, iso-lines of electrical conductivity in the ternary Bi-Cu-Ni system was constructed and shown in Fig.8 .
Fig. 8. The electrical conductivity iso-lines of the ternary Bi-Cu-Ni system (MS/m).
The electrical conductivity of pure Bi is about 0.867 MS/m [16, 17] ; so, with decreasing amount of Bi in the alloy, the share of the Bi-based intermetallic compounds also decrease, increasing the electrical conductivity of the alloy.
Conclusion
In this study the results of the thermodynamic calculation, including integral molar Gibbs excess energy and calculated bismuth activities along the line of a constant Cu:Ni molar ratio of 1:1 at a temperature of 1273K are presented. By DSC analysis, characteristic phase transition temperatures and liquidus temperatures were determined. All existing phases in this ternary system were confirmed by SEM-EDS analysis.
Hardness and electrical conductivity measurements show decreasing in their values with the increasing amount of Bi in the selected alloy, which is attributed to the presence of the Bi-based phases. Based on these results, iso-lines of hardness and electrical conductivity in the Bi-Cu-Ni ternary system were constructed.
Taking into account that the investigated Bi-Cu-Ni ternary alloy system has not been fully studied, the presented results represent a contribution to the better knowledge x Cu of thermodynamics, thermal, structural, mechanical and electrical properties of Bi-CuNi alloys as new lead-free solder material for high temperature application.
